ABSTRACT: This paper describes the surface modification of TiO 2 with 3-aminopropyltriethoxysilane (APTES) followed by covalent attachment of Ru-based N719 dye molecules to TiO 2 through an amide linkage for use as photoanodes (PAs) in dyesensitized solar cells (DSSCs). Attenuated total reflectance− Fourier transform infrared spectroscopy (ATR-FTIR) confirms the surface chemistry between the TiO 2 and dye. The photovoltaic efficiency of DSSCs with covalently linked dye is very similar (6−7%) to that of traditionally prepared DSSCs prepared by direct immersion when both have similar dye coverage. Importantly, the efficiency of PAs with covalently linked dye did not change after storage for more than 60 days in air, whereas the traditionally prepared PAs decreased dramatically after 1 day and lost most of their efficiency after a week. FTIR and UV−vis characterization of the dye suggests that covalent linkage improves stability by preventing the loss of the thiocyanato ligands and/or tetrabutylammonium cations on the dye. PAs with covalently linked dye are also more stable toward water, acid, heat, and UV light compared to traditionally prepared PAs and are more stable compared to other modified PAs with dye attached through electrostatic or hydrogen-bonding interactions.
■ INTRODUCTION
Due to the tremendous need for renewable sources to fulfill the ever-increasing energy demand from human society, dyesensitized solar cells (DSSCs) 1, 2 have been widely explored as a potentially low-cost alternative to silicon solar cell technology. 3 The main components of a DSSC are the photoanode (PA), electrolyte with redox couple, and counter electrode (CE). The PA is composed of a transparent conducting electrode coated with a semiconductor material that is sensitized with dye molecules. The dye absorbs sunlight and transfers its excited electrons to the conduction band of the semiconductor, where they then diffuse through the semiconductor to reach the transparent conductor. They flow through the external circuit and, after doing some work, reduce the redox couple in solution at the CE. The reduced form of the redox couple becomes oxidized as it regenerates the dye. This self-sustained process undergoes many cycles without any net physical or chemical changes, converting solar energy into electrical energy. 4 One of the most successful DSSC configurations is the Graẗzel cell, 2, 3 in which the PA is a fluorine-doped tin oxidecoated glass (glass/FTO) transparent conductor that is coated with a mesoporous TiO 2 semiconductor film, which is sensitized with a Ru bipyridyl dye containing carboxylic acid/ carboxylate groups for binding (usually N719 or N3). The CE is a Pt film on glass/FTO, and the electrolyte consists of an I − / I 3 − redox couple dissolved in organic solvent, such as acetonitrile. The maximum reported efficiency of this type of DSSC is 11.1%, 5 and the theoretical voltage is around 1.1 V. 6 An increase in efficiency to 15% 7 and production of cells that are stable for 20 years 8 would be a great step toward the commercialization of DSSCs.
There are many factors that affect the efficiency of DSSCs, especially the electron transport processes occurring at the semiconductor/dye, dye/electrolyte (redox couple), and semiconductor/electrolyte interfaces, because these are where electron injection, 9 dye regeneration, 10 and the competing processes of electron recombination occur. 11 All of these processes and the stability 12 of the semiconductor/dye/ electrolyte junction rely heavily on the nature of the dye, the dye functionality, the environment, and the dye/semiconductor interaction. 13, 14 It is generally desirable to prepare a porous, high surface area semiconductor film with monolayer coverage of dye that is attached through a strong anchoring group for high stability and strong coupling for fast electron injection. 15 The dye coverage is important because low coverage may reduce the amount of light collected (lower efficiency), whereas a coverage too high could cause aggregation or multilayers of dye that may reduce the efficiency due to poor coupling between the dye and semiconductor or poor regeneration kinetics. 16−18 The optical properties and the binding characteristics of the dye have been altered by varying the level of protonation, 19 adding donor substituents, 20 and varying the number of binding groups, 21 which are important for stability and controlling the photoelectrochemical properties. The distance between the dye and semiconductor is another important variable controlled by the chemistry at the interface. 22−24 It is generally thought that the excited electron should be localized on the anchoring group to maximize dye−semiconductor coupling, 25 but it is also important to reduce kinetic redundancy. 26 Usually a larger distance hinders the rate of electron injection, which is not desirable, but it can also decrease recombination, which is a benefit. 11, 13, 26 Interestingly, Galoppini et al. observed electron injection on the nanosecond time scale over long distances of about 18 Å using a carboxylate anchor group and a spacer group, suggesting that direct coupling is not always necessary. 22 There are several different types of metal complex based dyes and different methods for attaching them to semiconductor surfaces. 15 The most common interaction reported is through the carboxylate/carboxylic acid group (COOH/COO − ), where there are five possible modes of interaction as shown in Scheme 1 for N719 dye with TiO 2 . 27 The attachment is usually described as a combination of bidentate bridging and hydrogenbonding modes, based on the location of the carboxylate bands in an infrared spectrum. 19, 21, 27, 28 Other potential anchoring groups include B(OH) 2 , PO(OH) 2 , SO 2 (OH), OH, NO 2 , and SiCl 3 as recently described computationally for a functionalized N3 dye on anatase TiO 2 (101). 29 Meyer and co-workers used an acetylacetonate group for linking Ru polypyridyl dye to TiO 2 , but with lower coverage compared to COOH groups. 30 The phosphonate group has also been widely used for the adsorption of various sensitizers because it binds more strongly and with greater stability compared to COOH/COO − , 31, 32 although it exhibits slower electron injection compared to N3 or N719 with carboxylate groups. 31 Recently, both groups on the same dye were used to exploit the benefits of both, especially for use in aqueous solution. 33 Covalent bonding of dye to various metal oxide surfaces is another attachment strategy that has been used on electrode surfaces since the 1970s and is different from the chemisorption that occurs with the common carboxylate and phosphonate anchor groups. The most common occurs by either (1) silanization of dye molecules and direct attachment to the metal oxide through a M−O−Si−D bond, where D is the dye and M−O is the metal oxide, 34−37 or (2) silanization of the metal oxide followed by attachment of the dye through organic coupling, such as amide bond formation 38−40 or a replacement reaction. 41 Recently, Brennan et al. used silatranes 42 and Hamers and co-workers used photoelectrochemical grafting 43 and click chemistry 44 to attach sensitizers covalently to metal oxide semiconductors.
The TiO 2 /dye interface is critically important for good longterm DSSC stability. 8,12,45−47 Graẗzel and co-workers demonstrated excellent stability for two sealed DSSC cells that were irradiated continuously for 7000 h at 1000 W/m 2 , even when raising the temperature to 75°C for 700 h. 48 Although these results are promising, there are conditions when DSSC stability is a major issue, and several publications express serious concern about the long-term stability for 15−20 years. 49, 50 There are many potential stability issues, but degradation 12, 51, 52 and desorption 33, 47, 53 of dye are among the biggest concerns. It is well-known that Ru-based dye is not stable in air when adsorbed to TiO 2 , making it necessary to seal the cell immediately. 48, 49, 51, 54 Hagfeldt and co-workers showed that ligand exchange between atmospheric H 2 O/OH − and NCS occurs on TiO 2 adsorbed dye in air, which is accelerated by visible light, heat, and possibly UV light. 51 This can occur in electrolytes as well, especially if water is present, leading to desorption of dye or optical changes. Poor air and water stability can be issues in the processing of DSSCs. 51 Dye can undergo photo-oxidation, but the presence of I − in the electrolyte is thought to prevent that from occurring appreciably during operation. 48 Under illumination, the N719 dye undergoes a chemical reaction with iodine to form I 2 SCN −12 and can decompose into fragments, including Ru(bpy) 2 (CN) 2 . 49 The TiO 2 −COOH bond can cleave in acidic solution. 12 Images of photocurrent and photovoltage showed obvious degradation of dye within 24 h after the preparation of DSSCs. 52 It is clear that further improvements in DSSC efficiency and stability are still needed to realize commercial applications in the future. Here we describe DSSCs composed of PAs with N719 dye covalently attached by silanization of TiO 2 with aminopropyltriethoxysilane (APTES) and then attachment of dye through a covalent amide bond between the COOH/ COO − groups of the dye and the NH 2 group of APTES. [38] [39] [40] 55 We compare the efficiency and stability of these PAs to those of the traditional TiO 2 /N719 PAs and to those with TiO 2 / APTES/N719 PAs without covalent amide attachment. It is important to note the premodification 56 and postmodification 57 of PAs by APTES have been studied previously to improve the efficiency of DSSCs using Ru-based dye, but these did not involve subsequent covalent amide bond formation as shown in this work. This is the first study of silanization and amide bond formation with the N719 dye to our knowledge. We show that the covalent bonding strategy dramatically improves the stability under a variety of conditions important for DSSC operation and processing with very little decrease in the efficiency.
■ EXPERIMENTAL DETAILS
Chemicals and Materials. Two types of TiO 2 nanoparticles were employed in this work. Dyesol TiO 2 paste (DSL 18 NR-T) was purchased from Dyesol, Australia, and TiO 2 nanopowder (P25: Degussa) was purchased from Sigma-Aldrich, USA. Ethyl cellulose, terpineol, 3-aminopropyltriethoxysilane (APTES), N,N′-dicyclocarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), tert-butanol, and dichloromethane were purchased from Sigma-Aldrich. cisDiisothiocyanatobis(2,2′-bipyridyl-4,4′-dicarboxylato)Ru(II) bis-(tetrabutylammonium) (N719), Iodolyte AN-50 electrolyte, and Platisol were purchased from Solaronix (Switzerland). Fluorinedoped tin oxide (F:SnO 2 , FTO) glass slides (resistance = 8 Ω/cm 2 ) were purchased from Hartford Glass Corp., USA. 2-Propanol (IPA) and ethanol (99.99%) were purchased from VWR, USA. Nanopure water with resistivity >18 MΩcm was used for all aqueous solutions.
Preparation of TiO 2 Film on FTO. Dyesol TiO 2 paste was used as received without further treatment. For P25 TiO 2 powder, a mixture of 280 mg of ethyl cellulose, 1500 mg of terpineol, and 430 mg of TiO 2 nano powder was placed in a clean porcelain mortar and ground with a pestle for at least 1 h until it became a sticky fine paste. The paste (Dyesol or P25) was deposited with an area of 0.25 cm 2 on FTO slides by the doctor blade method. This was used for all UV−vis, ATR-FTIR, and glass cell data in the paper. A 0.25 cm 2 area was made on a 90 T screen printer, and TiO 2 was deposited on the FTO slide two times to obtain a thickness of about 7.2 ± 0.3 μm for photovoltaic measurements made on sandwich cells. The deposited paste was sintered at 500°C for at least 1 h in a 1300 BL Barnstead Thermolyne furnace. This is referred to as an FTO/TiO 2 electrode.
Functionalization of TiO 2 Film. The TiO 2 film on FTO (FTO/ TiO 2 ) was placed inside a solution containing 10 mL of IPA, 100 μL of APTES, and 3−4 drops of nanopure water. The solution was placed in a water bath at 70°C for 30 min. 55 The electrode was removed and rinsed thoroughly with IPA and dried under a N 2 stream for 1 min. This is referred to as an FTO/TiO 2 /APTES electrode. 55 The electrodes were soaked in one of these three different dye solutions for 24 h. Solution 3 should lead to covalent attachment of dye through an amide bond with the FTO/ TiO 2 /APTES electrodes with DCC as a catalyst and DMAP acting as a base to deprotonate the carboxylic acid groups of the N719 dye. We name the electrodes not functionalized with APTES FTO/TiO 2 / Dye(NC-1), FTO/TiO 2 /Dye(NC-2), and FTO/TiO 2 /Dye(NC-3), where NC stands for "noncovalent" and the number refers to the solution used for dye attachment. The APTES-functionalized electrodes are termed FTO/TiO 2 /APTES/Dye(NC-1), FTO/TiO 2 /APTES/ Dye(NC-2), and FTO/TiO 2 /APTES/Dye(C-3), where NC is as before and C stands for "covalent". The number again refers to the solution used for dye attachment.
Photoactivity Measurements. The N719 dye-sensitized photoanode (PA) acted as the working electrode. A counter electrode was produced by coating an FTO slide with a drop of Platisol (Solaronix) and heating to 500°C for 20 min. Both the working electrode and counter electrode were silver painted on the edges of the conductive sides to produce good electrical contact. Photoactivity was measured using two different setups: a sealed sandwich cell and an open glass cell. Sealed sandwich cells were prepared by placing Syrlyn (plastic polymer) between the dye-coated working electrode and Pt-coated counter electrode with a spacer and heating at 125°C for 10 min to seal them together. After injection of a drop of electrolyte between the two cells, the cell was further sealed with wax. For the open glass cell, the working electrode and the counter electrode were kept in a 1 cm glass cuvette connecting each electrode with copper alligator clips. Three milliliters of Iodolyte-50 was placed into the cuvette. Either cell was illuminated with simulated 1.5 AM solar light (Newport Oriel, USA) at an intensity of 100 mW/cm 2 . Current−voltage curves were obtained by applying an external bias between the two electrodes of the cell and measuring the current with a model 273A EG&G Princeton Applied Research potentiostat. The photon flux was measured by a power meter (Thorlab, USA). All photocurrent and photovoltage curves were measured using PAs with the P25 Degussa TiO 2 paste. For the stability tests, the photoanodes were stored in open air and room light for the indicated time before photoelectrochemical measurements were taken.
Spectroscopic Characterization. To characterize the surface attachment of N719 dye to the TiO 2 films using the different attachment functionalization and different solvents, we measured the absorbance spectrum of PAs with a Varian Cary 50 Win UV−vis spectrophotometer (Australia) and a Perkin-Elmer Spectrum series 100 attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectrometer. The UV−vis measurements were performed by placing PAs prepared from Dyesol TiO 2 paste in the light path of the instrument in air and referencing the absorbance to an FTO/TiO 2 slide with no dye. For ATR-FTIR measurements, PAs made from P25 degussa TiO 2 or Dyesol TiO 2 paste were placed upside down onto the ZnSe crystal in the ATR-FTIR spectrometer and held at a pressure of 80 psi. The samples were scanned from 400 to 4000 cm −1 with 20 scans averaged per sample with a resolution of 4 cm −1 . We compared spectra of the PAs before and after they were (1) Step A for all PAs was the deposition of TiO 2 on the FTO (P25 Degussa or Dyesol). The next step for the top three anodes was the adsorption of dye in the three different solutions shown, labeled steps A1, A2, and A3. The PAs are named FTO/TiO 2 / Dye(NC-1), FTO/TiO 2 /Dye(NC-2), and FTO/TiO 2 /Dye-(NC-3), respectively, where NC indicates "noncovalent" attachment and the number represents the solution (1, 2, or 3). The three electrodes at the bottom in Scheme 2 underwent a second step B involving functionalization of TiO 2 with APTES before step B1, B2, or B3, which exposed them to dye in the same three solutions. These PAs are named FTO/TiO 2 / APTES/Dye(NC-1), FTO/TiO 2 /APTES/Dye(NC-2), and FTO/TiO 2 /APTES/Dye(C-3), where NC indicates "noncovalent" attachment, C indicates "covalent" attachment, and the number represents the solution used. We expected covalent attachment to occur in solution 3 by DCC-and DMAPcatalyzed amide bond formation between the amine groups of APTES and the carboxylate groups of N719 dye. Whereas Scheme 1 illustrates the possible interactions between dye and FTO/TiO 2 , Scheme 3 illustrates the different possible noncovalent interactions between APTES-functionalized TiO 2 (FTO/TiO 2 /APTES) and N719 dye molecules, which include H-bonding and electrostatic forces. We expected these types of interactions for FTO/TiO 2 /APTES(NC-1) and FTO/TiO 2 /APTES(NC-2). Scheme 4 illustrates the possible covalent interactions between FTO/TiO 2 /APTES and FTO/ TiO 2 and dye in solution 3 to form covalent amide and ester bonds, respectively (steps A3 and B3). A covalent type of ester bond could form in step A3, which is also known as the unidentate bonding described in Scheme 1. Because we could not confirm this and the behavior is very different from the covalent FTO/TiO 2 /APTES(C-3) electrode as shown later, we label this PA NC.
Photoactivity Measurements. Characterization. All photoactivity measurements were from PAs prepared from redox couple) and an FTO/Pt counter electrode. PAs prepared by the traditional method of direct immersion in N719 dye using 1:1 acetonitrile/tert-butanol as the solvent had an efficiency of 5.8 ± 0.6%. This is consistent with other studies using P25 TiO 2 and serves as our baseline value for comparison between the functionalized PAs and PAs prepared by the traditional approach. Attachment of N719 to FTO/TiO 2 by direct immersion from a dichloromethane solution without or with DCC and DMAP led to decreases in efficiency to 4.4 ± 0.8 and 3.2 ± 0.3%, respectively. This shows that the solvent can play a role in the efficiency and that the presence of DCC and DMAP (base) somehow altered the attachment chemistry or coverage of N719 to the TiO 2 surface, which lowered the efficiency.
Surface modification of the TiO 2 with APTES prior to dye adsorption from a 1:1 acetonitrile/tert-butanol solution led to no significant change in the open circuit voltage (OCV) compared to the traditional approach, but resulted in a lower photocurrent and lower efficiency. The efficiency was 3.5 ± 0.8 and 3.5 ± 0.3%, respectively, for N719 attachment in 1:1 acetonitrile/tert-butanol and dichloromethane, respectively. In this case, the solvent did not make a difference, but both showed lower efficiency compared to N719 attached to bare FTO/TiO 2 . The efficiency of the FTO/TiO 2 /APTES/Dye(C-3) was the lowest at 2.8 ± 0.4%. In this case, dye is expected to be attached through a covalent amide bond.
Clearly both solvent and functionalization (surface chemistry) can affect the efficiency of the PAs in the DSSCs. The trend is that attachment of dye from solutions 2 and 3 led to lower efficiency when compared to solution 1 for bare FTO/ TiO 2 PAs. Also, dye attached to functionalized FTO/TiO 2 / APTES PAs showed lower efficiency compared to direct attachment of dye in all three solutions. The type of solvent and presence of base (DMAP) may lead to a different coverage and/or a different type of interaction with the TiO 2 surface. The presence of APTES on TiO 2 could affect electronic coupling between the dye and the TiO 2 surface, which would affect electron injection from the excited state of the dye to the conduction band of TiO 2 . If electron injection is hindered, this could lower the efficiency, which would not be too surprising because there is an insulating organic layer between the TiO 2 and dye when APTES is present.
Stability. It is known that PAs based on N719 dye are not stable indefinitely. 12, 49 Exposure to air, water, UV light, heat, and other chemicals can lead to degradation over time. 12, 45, 46, 49, 51, 52 For this reason we decided to first test the efficiency of the six PAs prepared after exposure to air for up to 60 days. We were not able to use sealed sandwich cells for this experiment because it would require either (1) using a new PA for each air exposure time or (2) removing the PAs from the sealed cell, exposing them to air for a certain amount of time, and then testing again in a sealed cell. For convenience, we instead used a glass cell open to air. Figure 1B shows the current−voltage curves of the six PAs using glass cells and solar simulated light. They all have lower values of photocurrent (and efficiency) when compared to the sandwich cell setup, but the trends in the efficiency are basically the same. These six PAs were tested in the glass cell directly after they were made and then again after sitting in air for various times up to 60 days. Figure 2 shows a plot of the efficiency of the six PAs as a function of the number of days exposed to air over the 60 day period. The same PA was tested over the 60 days. This was performed three times for each type of PA, and Figure 2 shows the average efficiency plus standard deviation. Interestingly, all five PAs with dye attached "noncovalently" showed a significant loss in photoactivity after 10 days, when they became lower than the efficiency of the PA with covalently attached dye. Also, they showed a complete loss in photoactivity between 20 and 30 days. In contrast, the efficiency of DSSCs with covalently attached dye actually increased slightly during the 60 day period and was stable well beyond that. We believe the slight increase in efficiency may be due to some loss of N719 dye multilayers that initially exist on the PA. Multilayers of N719 dye can lead to lower efficiency. 16, 17 Whereas the efficiency was lower initially for the covalently attached dye, the stability was significantly better compared to the traditionally attached dye and other noncovalent PAs. This would allow long-term storage in air without degradation of performance. In addition, it is very likely that the stability would also be superior in the sealed sandwich cells over long periods of time. These could be important practical advantages that could benefit DSSC technology.
Spectroscopy Measurements. Characterization. To better understand the nature of the interaction and compare the coverage between the dye and the FTO/TiO 2 or FTO/ TiO 2 /APTES, we performed ATR-FTIR and UV−vis characterization of the six different PAs. Figure 3 shows the results of ATR-FTIR spectroscopy of the N719 dye adsorbed on the different PAs. In all spectra, the peaks at 1604 and 1375 cm −1 correspond to the asymmetric and symmetric stretches of the carboxylate group, respectively. 19, 21, 27, 28 The peak at 1542 cm
corresponds to the bipyridyl group, and the peak at 2109 cm
is due to the CN stretch from the two SCN ligands on each N719 dye molecule. This confirms dye attachment to the PAs in all cases. The difference between the asymmetric and symmetric stretches of the carboxylate groups is smaller than that of the bulk dye, which indicates involvement of the carboxlate groups through the bridging mode and possibly hydrogen bonding in the attachment to TiO 2 and TiO 2 / APTES. 19, 21, 27, 28 The intensity of the CN stretch is indicative of the dye coverage. In this set of data, FTO/TiO 2 /Dye(NC-2) and FTO/TiO 2 /APTES/Dye(C-3) show the highest CN stretch intensities and, therefore, dye coverage, but the values are somewhat variable from sample to sample. Table 1 shows the average absorbance of the CN stretch with standard deviation from ATR-FTIR data of six PAs that were prepared the same way, but not used for photovoltaic measurements. Although there is significant variability, we generally observed that the coverage was larger for dye adsorbed from dichlorormethane (solutions 2 and 3) than from the acetonitrile/tertbutanol mixture (solution 1). The high coverage reveals the likely formation of multilayers of N719 dye because of its lower solubilty in dichloromethane. This could partly cause the lower efficiencies observed for PAs prepared from solutions 2 and 3. 16, 17 The dichloromethane is needed for covalent attachment to solubilize DCC and DMAP.
The ATR-FTIR data in Figure 3 confirm dye attachment and give some idea of coverage, but also confirm the covalent amide attachment of dye in the FTO/TiO 2 /APTES/Dye(C-3) sample by the presence of a peak at 1648 cm −1 , which corresponds to the amide I (CO) stretch. To confirm this assignment, we reacted benzoic acid with FTO/TiO 2 /APTES in the same way. In that case, with only one carboxylic acid group on benzoic acid, there were no carboxylate peaks present and only one well-defined peak at 1646 cm −1 corresponding to the amide I bond (see Figure S1 of the Supporting Information). This confirms our peak assignment. The spectrum of FTO/TiO 2 / APTES/Dye(C-3) in Figure 3 contains a significant amount of unreacted carboxylate groups, showing that some of the carboxylates on the dye do not attach covalently through an amide bond, and there may be multilayers or aggregates of N719 dye on top of the covalently bound dye. It is likely that dye multilayers contributed to the lower efficiency shown in Figure 1 . The covalently bound dye consistently showed the highest coverages in the ATR-FTIR and UV−vis data (Table  1) . Figure 3 shows that the FTO/TiO 2 /Dye(NC-3) PA also exhibits a peak near 1648 cm −1 , even though amide bond formation is not possible in this case. This was puzzling, because we confirmed that this peak is in the range of the amide I stretch with the benzoic acid experiment. Because the amide bond is not possible with this PA, we believe that this peak is due to the CO stretch from a carboxylate in either the unidentate configuration (ester bond) or some other bonding form on TiO 2 . This type of bonding could be favored in the presence of DCC and DMAP because they also can catalyze ester bond formation between COOH/COO − and OH groups. Whereas a COOR type ester bond is normally near 1720 cm −1 and others have assigned a peak at (1720−1742) cm −1 to unidentate, or ester bond, formation, 27 we believe the CO OTi ester bond may be at lower wavenumber due to a more stable resonance structure that gives the CO more singlebond character. The resonance structure that gives the CO single-bond character places a positive charge on the O next to the Ti. This positive charge on O may be more favored when next to Ti as compared to when next to an R group, which lowers the CO stretching frequency to a value similar to the amide I CO stretch. Interestingly, the 1648 cm −1 peak was also present after N719 dye attachment on TiO 2 from a dichloromethane solution with DMAP only (no DCC), showing that the presence of the DMAP base alone was enough to favor this type of bonding (see Figure S2 , Supporting information).
To further study this peak, we obtained ATR-FTIR spectra of benzoic acid attached directly to TiO 2 in a dichloromethane solution with DCC and DMAP ( Figure S3 , Supporting Information) and a dichlorormethane solution with DMAP only ( Figure S4 , Supporting Information). Similar to the N719 dye, the ∼1650 cm −1 band appeared in both solutions, although at slightly different locations. In contrast, there was no peak when benzoic acid was attached to TiO 2 /APTES in a Figure S5 ). Clearly, both DCC and DMAP are needed for the peak to appear when APTES is present, which is consistent with amide bond formation. The peak does not appear for benzoic acid in DMAP only with TiO 2 /APTES, which shows that the interaction in Figures S3 and S4 of the Supporting Information involves direct binding between the COOH group of benzoic acid and TiO 2 , even though the stretching frequency is very similar to the amide stretch. The peak is absent when soaking TiO 2 in DMAP without benzoic acid, confirming that the peak is due to benzoic acid and not DMAP (Supporting Information Figure S6) .
Although not conclusive, the results overall suggest that the ∼1650 cm −1 peak for FTO/TiO 2 /Dye(NC-3) involves unidentate or some other type of unique bonding between COOH and TiO 2 that is promoted by DMAP (base) and has a similar CO stretching frequency as the covalent amide bond observed for FTO/TiO 2 /APTES/Dye(C-3). We later show that the chemistry of these two PAs with the same ∼1650 cm −1 stretch is very different when soaking in acetic acid (Figure 7) , which gives further evidence that the origin of the peak is different for the two PAs. Figure 4 shows the UV−vis spectra of all six PAs. N719 dye in solution has three peaks, two of which correspond to metalto-ligand charge transfer transitions (MLCT) 4d-π* (520−545 and 380−395 nm), and another at the shorter wavelength around 313 nm, corresponding to a ligand-to-ligand charge transfer transition (LLCT) π−π*. 20 The MLCT peaks were blue-shifted for FTO/TiO 2 /APTES/Dye PAs, including the PA with covalently attached dye, relative to those for dye in solution. In contrast, the MLCT peaks were red-shifted for FTO/TiO 2 /Dye PAs relative to dye in solution. The red shift is consistent with a direct interaction with the TiO 2 surface, and the blue shift is consistent with adsorption through the APTES layer, leading to less direct coupling to TiO 2 . Table 1 shows the average UV−vis absorbance for the peak at 520−545 nm. Again, the PAs prepared from dichloromethane solution have the highest coverage of dye, which may indicate the formation of multilayers. Of the two dichloromethane solutions, the solution with DMAP and DCC generally had higher dye coverages. The covalent bonding, presence of base, and low solubility of dye in dichloromethane are the likely reasons. Low coverage is clearly not the reason for lower efficiency with these PAs. Instead, the formation of multilayers and poor coupling of dye to TiO 2 are more likely. The traditionally prepared dye has the highest efficiency and usually the lowest coverage because the acetontrile/tert-butanol solvent system is optimized for monolayer coverage, which is consistent with our results. The FTO/TiO 2 /APTES/Dye(NC-1) has the optimal solvent system, but the presence of the APTES lowered the coverage somewhat, which may have led to its slightly lower efficiency, along with poor coupling due to APTES. There appear to be trends with coverage and efficiency, but it is difficult to know the relative importance of coverage as compared to the dye coupling strength to the surface. Stability. We obtained ATR-FTIR and UV−vis spectroscopy measurements before and after exposure to air to better understand the increased stability of the PAs with covalently attached dye. With these data, we focus only on the PA with covalently attached dye compared to the traditionally prepared dye. Figure 5A shows the ATR-FTIR data of FTO/TiO 2 / Dye(NC-1) and FTO/TiO 2 /APTES/Dye(C-3) before and after exposure to air for 20 days. There are clear differences in the before and after spectra for the traditional PA as compared to the PA with covalently attached dye. For the traditional PA, the peaks corresponding to the symmetric and asymmetric stretch of the carboxylate groups and the bipyridyl peak all decrease after 20 days in air. Most notably, though, the CN stretch of the NCS ligand is completely gone after 20 days. For the PA with covalently attached dye, the carboxylate and bipyridyl peaks also decrease in intensity, but not nearly as much, and the amide peak at 1648 cm −1 decreased less in comparison to the carboxylate and bipyridyl peak. Interestingly, the CN stretch due to NCS has decreased a little, but is still significant. Panels B and C of Figure 5 show the UV−vis data of the traditional PA and PA with covalently bound dye, respectively. The initial absorbance, and therefore coverage, of the traditional dye are smaller than those of the covalently bound dye, which is consistent with the statistics in Table 1 . More importantly, the traditionally attached dye absorbance peak at 535 nm shifted to 494 nm (41 nm shift) after air exposure for 20 days. In contrast, the absorbance band for the covalently bound dye shifted from 529 to 510 nm, which is only 19 nm.
Taken together, the ATR-FTIR and UV−vis data suggest that the loss in efficiency of the PA with dye attached in the traditional manner following air exposure is related to the loss in the NCS ligands from the N719 dye. This leads to complete loss of the CN stretch in the ATR-FTIR spectrum and a large 41 nm blue shift in the visible absorbance peak. The NCS ligand remained on the dye for 20 days (and likely longer based on efficiency data) when the dye was covalently attached to the FTO/TiO 2 /APTES PAs as shown by the CN stretch remaining in the ATR-FTIR spectrum and the relatively small blue shift in the UV−vis spectrum. This led to stable PA efficiency over the 60 days as shown in Figure 2 . It is very interesting that the covalent amide bonding of dye to FTO/TiO 2 /APTES leads to more stable NCS ligands because the ligands are not directly involved in the bonding. Hagfeldt and co-workers showed that the NCS ligands of traditional dye can be replaced by atmoshperic H 2 O or OH− when assembled on TiO 2 , which leads to poor air stability. 51 Accordingly, we believe that covalent linkage somehow provides an environment that protects the NCS ligands from significant replacement by water in air, leading to long-term air stability.
We prepared a photoanode traditionally and subsequently attached octylamine to the dye through amide coupling to determine if any amide substitution on the dye bipyridyl groups led to greater stability. Figure S7 of the Supporting Information shows the ATR-FTIR of this PA on day 1 and after day 3 of exposure to air. There is an amide peak at 1651 cm −1 on day 1, confirming that the amide chemistry was successful. However, the dye did not appear stable because the CN stretch, CH 2 , and CH 3 region (∼2900 cm −1 ) and the peak at 1500 cm
disappeared, but increased intensity occurred at ∼3400 and 1400 cm −1
. A new peak appeared at 1100 cm
. Consistent with the IR, the UV−vis spectrum showed a large blue shift of 37 nm from day 1 to day 3, and the efficiency of the DSSC with this photoanode decreased more than 90% ( Figure S8 , Supporting Information). Clearly, amide bond substitution itself does not account for the enhanced stability. Currently, it is not clear if the presence of the polymeric silane linker is directly responsible, if the molecule orientation is different on the surface after covalent linkage, or if some other mechanism provides the stability. More experiments are needed to better understand the details of the enhanced stability, but it is remarkable.
The photographs in Figure 6 show the different PAs with noncovalent attached and covalent attached dye (as indicated) before and after exposure to air for 20 days. The three PAs with noncovalent attached dye in A, B, and C changed from a dark red to a light orange color over the 20 day period, while the PA with covalent-attached dye (D) remained the original dark red color over the entire 20 days. The color change from red to orange is consistent with the ATR-FTIR and UV−vis data, and we believe it is due to the exchange of the thiocyanato ligand on the dye with atmospheric H 2 O/OH − . This exchange can be accelerated by the presence of room light. 51 A plot of the magnitude of the blue shift of the MLCT band of the dye adsorbed on TiO 2 noncovalently and covalently over time of exposure to open air is also shown in Figure 6 . The rate of exchange is much faster on the conventional PAs compared to the PAs with covalently linked dye, which may be responsible for the fast loss in efficiency with air exposure for the former. Figure 7A shows ATR-FTIR spectra of a noncovalent FTO/ TiO 2 /Dye(NC-3) and covalent FTO/TiO 2 /APTES/Dye(C-3) before and after soaking in a 28 mM solution of acetic acid in acetonitrile for 8 h. 58 In this figure, we compared the noncovalent dye attached directly in the dichloromethane solution with DCC and DMAP with the covalently attached dye to determine if there was any difference because they both had a similar peak at 1648 cm −1 . As shown earlier in Figure 3 , the ATR-FTIR spectra are very similar before exposure to acetic acid. They both exhibit the CN, carboxylate, and bipyridyl peaks along with the peak near 1648−1651 cm −1 . After exposure to acetic acid, the carboxylate, bipyridyl, and 1648 cm −1 peaks all decrease dramatically for the noncovalent FTO/TiO 2 /Dye(NC-3) PA and the CN stretch is completely gone. In contrast, the same peaks all decrease slightly for the covalent FTO/TiO 2 /APTES/Dye(C-3) PA, but the CN stretch is still present and the amide peak at 1651 cm −1 remains strong, whereas the carboxylates decrease. This confirms that the nature of this peak is different from that of the FTO/TiO 2 /Dye(NC-3) PAs. It is a more stable bond, which is consistent with our assigned amide I bond. The loss of the carboxylates is likely due to removal of multilayers of N719 dye through protonation of the carboxylates by the acetic acid. Figure 8B shows a photograph of the noncovalent and covalent PAs before and after treatment with 28 mM acetic acid solution in acetonitrile for 8 h. The noncovalent PAs became a light orange color due to dye degradation in the acid solution, whereas the covalent PAs remained a dark red-purple color after treatment. The acid treatment experiments show that the covalent attachment with APTES is indeed an amide bond and different from the direct TiO 2 attachment in the same solution. The PA with covalently bound dye is clearly more stable to organic acids.
We also treated the PAs prepared traditionally in a pH 2.5 solution of acetic acid in ethanol for 15 min in comparison to the PAs with covalently linked dye (data not shown). The conventional PAs lost 65% of the adsorbed dye molecules on the basis of ATR-FTIR data, the CN stretch disappeared, and the efficiency of the DSSCs decreased by ∼95%. Even though the ATR-FTIR peaks for the covalently linked dye decreased by ∼20% for the same treatment, all of the peaks remained intact (including the CN stretch), and the efficiency of the DSSC with this PA actually increased by ∼35%. We believe that the acid treatment likely removed multilayers of N719 dye, whereas the dye attached covalently onto the TiO 2 /APTES remained stable. This led to a better dye monolayer on the TiO 2 surface with enhanced photovoltaic performance. When excessive rinsing has been used to remove physisorbed multilayers on traditionally attached dye, it also leads to removal of the chemisorbed dye, reducing efficiency. 59 With covalently attached dye, we can aggressively remove physisorbed multilayers without loss of the dye monolayer, increasing the efficiency.
Figures S9 and S10 of the Supporting Information show ATR-FTIR and UV−vis spectra of the traditionally prepared FTO/TiO 2 /Dye(NC-1) PA and covalently linked FTO/TiO 2 / APTES/Dye(C-3) PAs before and after heating at 140°C with UV exposure for 3 h and before and after soaking in water for 1 h, respectively. All of the peaks associated with the dye are reduced in intensity, and the CN stretch from the NCS ligand is almost completely absent after the heat/UV exposure and water exposure for the traditional PA. The UV−vis spectra of the dye molecules show 27 and 46 nm blue shifts of the MLCT band after heat/UV exposure and water treatment, respectively, which is consistent with the loss of the NCS ligand in the ATR-FTIR spectrum. For the FTO/TiO 2 /APTES/Dye(C-3) PA after heat/UV and water exposure, the peaks are also lower in intensity, but the CN stretch from the NCS ligand is much more pronounced. The UV−vis spectra before and after the same treatment on the same covalently linked PA accordingly show a very small blue shift of 4−6 nm of the MLCT band of the dye. Interestingly, the amide peak at 1648 cm −1 does not decrease at all after water exposure, showing high stability. These combined data show that covalent linkage of the dye to TiO 2 through the APTES linker provides the dye with much higher stability against heat, UV degradation, and water compared to dye attached traditionally through direct adsorption to TiO 2 .
Improved Efficiency. As discussed throughout the paper, we believed that multilayer dye coverage on covalently modified PAs led to the lower efficiency compared to traditional PAs. To test this, we prepared traditional and covalent PAs with almost identical coverage and compared their photovoltaic properties. Figure 8 shows the UV−vis and ATR-FTIR spectrum of each PA. The UV−vis and ATR-FTIR absorbances are almost identical. These were prepared by soaking the TiO 2 film in dye solution for 24 and 3 h for traditional and covalently linked dye, respectively. Figure 9A shows an I−V curve of DSSCs with the conventional and covalent PAs from Figure 8 that had the same coverage. The efficiencies were 6.5 ± 0.9 and 6.0 ± 1.0% for the conventional and covalent dyes, respectively. The photocurrent was larger for the traditional PAs, whereas the open circuit voltage and fill factor were larger for the covalent PAs. Overall, PAs with the same dye coverage resulted in efficiencies that were statistically the same. This is important because now the covalent PA has much greater stability ( Figure 9B ) without sacrificing the efficiency. Also, the improved efficiency with lower dye coverage confirms that multilayer formation was the main reason for the lower efficiency in Figures 1 and 2 . To confirm this, we again prepared covalent PAs using a 24 h soaking time, and the coverage increased and the efficiency decreased to about 3.5%.
Figures S11 and S12 of the Supporting Information show the UV−vis and ATR-FTIR results of conventional and covalent PAs with similar dye coverage after exposure to air for up to 26 days as indicated. The spectra of the conventional photoanodes clearly show a larger decrease in the CN stretch, but we also noted that the peaks near 2900 and 1500 cm −1 , attributed to the tetrabutylammonium (TBA + ) cation, disappear immediately for the conventional PA but not the covalent one. This could be an important factor in the efficiency loss, especially because the covalent PA lost a big portion of the CN stretch but still had a relatively large efficiency. The TBA + cation may actually be a more important factor than NCS ligands. Figure S13 of the Supporting Information shows another ATR-FTIR comparison of PAs prepared with traditional and covalent dyes, except these PAs contained a scattering layer, which is often used to improve DSSC efficiency. In these IR spectra, we observed that the traditional dye degraded while the spectrum of the covalentattached dye remained practically the same for 6 months.
■ CONCLUSIONS
In this paper we describe the chemical surface modification of mesoporous TiO 2 films with APTES followed by covalent attachment of N719 dye through an amide bond for use as PAs in DSSCs. These covalently linked PAs have efficiencies similar to those of traditionally prepared PAs (6−7%) but are air stable for at least 60 days as compared to only a few days for traditionally prepared PAs. They are also more resistant to UV light, thermal stress, acid, and water. ATR-FTIR spectra showed direct evidence for the formation of an amide bond between APTES and the dye. The amide I peak remained after the various treatments, showing a very stable covalent linkage. The CN stretch from the NCS ligands and TBA + peaks in the ATR-FTIR were present for the covalently linked dye, but disappeared quickly for the traditionally prepared PAs after the various treatments, suggesting that they play an important role in N719 dye stability. Those changes in IR correlated with a blue shift in the UV−vis spectra and loss in DSSC efficiency. The NCS ligands of the dye may be replaced with atmospheric water as described in a previous paper. 51 The covalent bonding of dye to APTES prevents, or dramatically slows, this replacement from occurring, leading to practically no loss in efficiency over several months. The various treatments accelerate the loss of the NCS band and TBA + cations in the ATR-FTIR, leading to a blue shift in the UV−vis spectra and efficiency loss for traditionally prepared PAs.
Although it is possible to seal traditionally prepared PAs in a sandwich cell and obtain long-term stability, the cells are not stable indefinitely. The PAs prepared with covalently attached dye in this work are expected to show even better stability in sealed sandwich cells when compared to those prepared traditionally, because degradation by UV, heat, acid, and water may play a role. 51 Our approach for attaching N719 dye covalently through APTES allows for air-storable PAs, which provides added convenience and lower cost in the bulk-scale production of DSSCs. In the future, we will focus on obtaining a detailed understanding of the reason for the added stability with covalently attached PAs and work to improve their efficiency further.
■ ASSOCIATED CONTENT * S Supporting Information ATR-FTIR spectra of benzoic acid and N719 dye attached to TiO 2 or TiO 2 /APTES surfaces from dichloromethane solution with or without DCC and/or DMAP; ATR-FTIR of TiO 2 exposed to DMAP only in dichloromethane; ATR-FTIR, UV− vis, and efficiency data for traditionally attached dye functionalized covalently with octylamine via an amide bond; and stability tests of various photoanodes in heat/UV light, water, and air. This material is available free of charge via the Internet at http://pubs.acs.org. 
